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Abstract. The 1951-2009 drought history of China is re- East, Northwest, and Tibet). Xinjiang has even been show-
constructed using daily soil moisture values generated by théng steadily wetter since the 1950s. Two regional dry centres
Variable Infiltration Capacity (VIC) land surface macroscale are discovered in China as the result of a combined analysis
hydrology model. VIC is applied over a grid of 10 458 points on the occurrence of drought events from both grid points
with a spatial resolution of 30km 30km, and is driven and drought study regions. The first centre is located in the
by observed daily maximum and minimum air temperaturearea partially covered by the North and the Northwest, which
and precipitation from 624 long-term meteorological sta- extends to the southeastern portion of Inner Mongolia and
tions. The VIC soil moisture is used to calculate the Soil the southwest part of Northeast. The second one is found
Moisture Anomaly Percentage Index (SMAPI), which can beon the central to southern portion of the South. Our study
used as a measure of the severity of agricultural drought omlemonstrates the applicability and the value of using mod-
a global basis. We have developed a SMAPI-based droughtled soil moisture for reconstructing drought histories, and
identification procedure for practical uses in the identifica-the SMAPI is useful for analyzing drought at different spa-
tion of both grid point and regional drought events. As atial and temporal scales.

result, a total of 325 regional drought events varying in time
and strength are identified from China’s nine drought study
regions. These drought events can thus be assessed quanti-
tatively at different spatial and temporal scales. The result Introduction

shows that the severe drought events of 1978, 2000 and 20036

are well reconstructed, which indicates that the SMAPI is

capable of identifying the onset of a drought event, its pro_Drought is one of the major natural disasters that human be-
gression, as well as its termination. Spatial and temporaings have been suffering since the ancient era. Even today
variations of droughts in China’s nine drought study regionsWith well developed science and technology, drought is still
are studied. Our result shows that on average, up to 30 ogonsidered as the most serious hazard to agricultural pro-
of the total area of China is prone to drought. Regionally, ductivity and human lives worldwide. Frequently occurring
an upward trend in drought-affected areas has been detectélfought events in recent decades have become major environ-
in three regions (Inner Mongolia, Northeast and North) from mental and climatic challenges in the new millennium. With
1951-2009. However, the decadal variability of droughts had@pid expansion of the world population and socio-economic

been weak in the rest of the five regions (South, Southwest€velopment, there is an increasing emphasis on the issue
of water shortage. With such a shortage of water, the exist-

ing drought-affected areas could be further extended. The
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which will consequently threaten the well-being of nations tions. According to WMO (1975), the agriculture drought
and the environment. relates to a shortage of available water for plant growth, and
Since the greatest part of continental China is located ins assessed as insufficient soil moisture to replace evapotran-
the monsoon climate zone, the monthly, annual and interspirative losses. Having accurate soil moisture information
annual variations in precipitation and temperature are sigis thus essential and important for assessing and predicting
nificant. Thus, large-scale droughts often occur in China.agricultural droughts.
The historical record of droughts shows that China was hit It is not easy to obtain soil moisture measurements from
with 1056 major drought events during the period betweenfield surveys on large scales. Soil moisture often exhibits
206 BC-1949 AD (or in 2155yr), or it has had one major a strong spatial and temporal heterogeneity at small scales,
drought every two years. (Chinese Ministry of Water Re- which further complicates interpretation of observations.
sources; CMWR, 1997). The drought situation in China Soil moisture can vary significantly among different in situ
has been worsening since the 1950s. The annual averageeasurements even within a small area (Bergman et al.,
of drought-affected areas has reached 22.5 million hectareq,988). This is mainly due to irregular inputs of water to
which can account for up to 60 % of the total areas that suf-the soil column from variations in snow accumulation or
fered from natural disasters in China. The annual averageunoff, and redistribution of soil water along hill slope gradi-
of grain yields lost to droughts is about 12.8 billion kilo- ents; these factors vary with soil, vegetation, and topographic
grams (Zhang, 2003), which would be enough to feed 85characteristics (Gray, 1970). There is no consistent soil mois-
million people annually. China’s drought situation has fur- ture monitoring networks that can provide long datasets of
ther deteriorated since the 1990s. Nationwide droughts ocsoil moisture conditions in China. According to Zuo and
cur almost every year (Zou et al., 2005; Zhai et al., 2010;Zhang (2008), there are only 279 sites providing in situ soil
Ma and Ren, 2007; Dai et al., 2004), causing more and moreanoisture measurements in China. They are unevenly dis-
grain yield losses and even threatening the security of drinktributed in the country and concentrated in the regions of
ing water supplies. Drought disasters have become a kefWortheast, North and Huaihe. Among those sites, only 61
factor constraining the sustainable socio-economic develophave a data series more than 20yr. Remote sensing is an
ment. Therefore, conducting drought researches and innovaglternative to in situ measurements at large scales, but the
ing new methodologies to reconstructing historical droughtcurrent remote sensing techniques can only give soil water
events would enhance our knowledge on drought characterissontent in top thin layers and the data records are very short
tics, thus contributing to drought monitoring and prediction. (Albergel et al., 2010; Juglea et al., 2010; Lievens et al.,
The popular idea for drought reconstruction is the use of a22011; Loew and Schlenz, 2011). Having a long dataset of
drought index that can measure the severity of droughts. Belarge-scale soil moistures would be essential for systemati-
cause of the complexity of drought and its causing factors,cally studying the history of agricultural drought and its trend
most drought indices are based on specific geographical andver a large area in a long period of time.
time range (Richard and Heim, 2002), resulting in hundreds Recent advances in the development of macroscale land
of drought indices for applications around the world (World surface hydrological models offer the potential to reconstruct
Meteorological Organization; WMO, 1975; Heim, 2000). and continually update spatial and temporal distribution of
Most of these indices are precipitation-based only, as droughsoil moisture over a large area (Wu et al., 2007). The sim-
is directly caused by the shortage of rainfall, and precipita-ulated soil moisture has been used in many drought studies
tion data is easier to obtain than other atmospheric variablegAndreadis et al., 2005; Sheffield et al., 2004; Mo, 2008).
(e.g. Raziei et al., 2008). For example, the Palmer DroughtSuch an approach has three advantages. Firstly, those hy-
Severity Index (PDSI; Palmer, 1965) and the Standardizedirological models are able to realistically reflect soil mois-
Precipitation Index (SPI; McKee et al., 1993) are two com- ture states, as considering the different vegetation types and
monly used indices of meteorological drought worldwide soil characteristics on the impact of hydrological processes.
(e.g. Bordi et al., 2009; Vicente-Serrano anibez-Moreno,  Secondly, the models can achieve an ideal regional average
2005). Zou et al. (2005) used PDSI to investigate the vari-of soil moistures to better reflect the consolidation of the
ations in droughts over China, and Zhai et al. (2010) usedegion through regional energy and water balance calcula-
both PDSI and SPI to identify tendencies in dry and wet con-tion, and this could reduce the uncertainty induced by inter-
ditions during recent decades over 10 large regions in Chinapolation using only observations. Thirdly, such models can
However, Zhai et al. (2010) found that many basins’ droughtsalso simulate the daily soil moisture to facilitate the estab-
were caused not only by lower precipitation but also by otherlishment of a daily drought index. The hydrological model-
factors influencing water balance conditions. In fact, for agri-based soil moisture approach is thus suitable for analyzing
culture, the first sector to be affected by the onset of droughtshe drought occurrence and intensity at different spatial and
(Narasimhan and Srinivasan, 2005), soil moisture, is morgemporal scales.
crucial than precipitation. Sufficient water supply is essen- The VIC (Variable Infiltration Capacity) model (Liang
tial for the growth of crops at different stages. The crop pro-et al., 1994, 1996) is a land surface macroscale hydrology
duction is thus strongly influenced by soil moisture condi- model that has been widely used in different parts of the
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world (Lobmeyr et al., 1999; te Linde et al., 2008; Stephentures and precipitation archived at the China Meteorological
et al., 2010). It uses a spatial probability distribution func- Administration. Three soil layers are used in the model sim-
tion to represent subgrid variability in soil moisture storage ulation with the top layer being fixed at 0.1 m depth. The
capacity. Such a function is used in Xinanjiang model (Zhaodepths of the second and third layer are adjustable, which are
et al., 1980), Hamburg Climate Model {imenil and Todini,  determined by the model calibration process. The regression
1992), Interface Soil Biosphere Atmosphere model (Habetgelations between the VIC hydrological parameters and the
et al., 1999), and Canadian Land Surface Scheme (CLASS;atchment climate characteristics are used for the parameter
Verseghy, 1991; Verseghy et al., 1993; Wen et al., 2007) fordetermination over ungauged catchments, which are detailed
calculating saturation excess runoff, and the General Runoffn Wu et al. (2007).
Yield model (Wen et al., 1982) for generating infiltration ex-  VIC is driven by observed daily maximum and minimum
cess runoff. The function is designed to take into accountair temperature and precipitation from 624 long-term meteo-
the heterogeneity of land surface properties, and can give gological stations in China. This continually updated meteo-
more realistic treatment of hydrological processes within arological dataset has been available since 1 January 1951 and
model grid cell. Nijssen et al. (2001) used VIC to generateis quality-controlled. The daily meteorological observations
14yr (1980-1993) of global daily soil moisture at a resolu- are interpolated onto each of the 10 458 grid points using the
tion of 2° x 2°. Andreadis et al. (2005) reconstructed the inverse distance weighted method. VIC is then applied on
drought history of the continental US from 1920 to 2003 each grid point for the calculation of surface water balance
based upon VIC soil moisture and runoff at a resolution ofusing a daily time step. The energy balance is not consid-
0.5 x 0.5°. Wu et al. (2007) applied VIC to generate 35yr ered as long-term and nationwide observations of shortwave
(1971-2005) of daily soil moisture over China at a resolutionradiation are not available. The climatology of 1 January soil
of 30 kmx 30 km. Wen et al. (2011) recently used VIC to re- moisture from 1951-2009 is used as the initial soil moisture
construct 60 yr daily soil moisture over the Canadian Prairiesvalue for VIC to generate the soil moisture dataset.
The soil moisture dataset used in this study is derived from VIC is first calibrated using observed hydrographs from
a newly-completed multiyear VIC simulation, which extends 35 catchments with drainage areas varying from 190 to
the simulation period from previous thirty-five years (1971- 351530 km. The VIC model is then validated over these
2005; Wu et al., 2007) to current fifty-nine years (1951- 35 catchments at different periods and over an additional
2009). Thus, our current study is a continuation of the studyeight catchments with drainage areas ranging from 1230 to
of Wu et al. (2007), with the emphasis on the analysis and ap10010knf. The calibration period varies from 5 to 6yr,
plication of the long-term VIC soil moisture simulation. The while the model validation is done using 2- to 7-yr observed
VIC moisture is used to calculate the Soil Moisture Anomaly hydrographs outside the calibration period. In situ soil mois-
Percentage Index (SMAPI; Bergman et al., 1988), which canture measurements from 28 sites around China are also used
be used as a measure of the severity of agricultural droughtgor model validation. VIC performs well over both calibra-
The details of the SMAPI will be discussed in a later sec-tion and validation catchments especially in humid and semi-
tion. The calculated SMAPI is ultimately used to quantify the humid regions, and detailed VIC calibration and validation
most documented drought events from 1951-2009 in Chinaare discussed and provided in Wu et al. (2007). For exam-
ple, the overall average values of correlation coefficient of
simulated and observed soil moisture anomalies for the 28

2 Data and methodology sites are 0.60, 0.50 and 0.52 for depths of 0—20, 20-100 and
0-100 cm respectively, indicating satisfactory model perfor-
2.1 VIC soil moisture simulation mance on soil moisture simulation. Also, the 59-yr soil mois-

ture climatology for the top 1 m from VIC is consistent with
Technically speaking, VIC is applied over a grid of 10458 the known soil moisture conditions in China, illustrating the
points with a spatial resolution of 30 km30 km, which cov-  ability of the VIC model in reproducing large spatial scale
ers all 31 provinces in mainland China. VIC has four types characteristics of soil moisture over a long period of time.
of user-defined parameters: soil, vegetation, hydrology, and
“catchment definition”. By the latter, we mean basin char-2.2 Soil moisture anomaly percentage index (SMAPI)
acteristics (latitude, longitude, elevation) and climate param-
eters (time average near-surface air temperature and precif-he precise quantification of a drought event is a classi-
itation). For each grid point, the global 10-km soil profile cal issue and difficult challenge in geosciences. Several
dataset (Reynolds et al., 2000) and the global 1-km landspecialized drought indices have been proposed to describe
cover classification dataset (Hansen et al., 2000) are used tour major types of drought: meteorological, hydrological,
define the model soil and vegetation parameters. The catchagricultural and socio-economic (Heim, 2000). Agricultural
ment parameters of VIC are determined using the Global 3@rought refers to the phenomenon that the moisture supply
Arc-Second Elevation Data Set from the US Geological Sur-falls below the climatically appropriate moisture supply so
vey, and the observed time average near-surface air temper#iat the growth of crops is hindered, which may also include
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crop drought and soil drought. Four drought indices are ., —e—Harbin
commonly used in the agricultural sector. These indices —na— Xifengzhen
are the crop moisture index (CMI; Palmer, 1968), the crop o025 | Haihong
drought index (CDI), the soil moisture index (SMI), and the —*—Jinzhou

soil moisture anomaly percentage index (SMAPI). CMl is 0.0 | Zhumadian

X L. .. . —+— Xuzh
defined as the sum of evapotranspiration deficit and soil de—§ S:; :nu
mand, being a by-product of PDSI. The model assumes thai%»; 015 1 Zhenjiang

parameters like vegetation, soil properties, land use/cover are:
evenly distributed in the whole climatic zone, which varies %1 |
widely in reality. CDI is built according to crops’ physi-
ological and ecological responds to drought by monitoring
changes of crop growth, leaf temperature and leaf moisture y A
to determine the effect of drought. Such an index is mainly 60 50 40 30 20 10 O 10 20 30 40 50 60
based on satellite remote sensing measurement with shor
time series; it has as well a certain regional limitation. SMI
is defined as the percentage of actual soil moisture accounteglg. 1. The frequency distributions of the SMAPI (Soil Moisture
for the field capacity, reflecting the relatively dryness of soil. Anomaly Percentage Index; see text for discussion) for 10 Chinese
CMI can evaluate short-term moisture conditions affectingexperimental sites together with their average.
crops, while its rapid reaction to short-term changing infor-
mation may mislead long-term changing information. Both
CDI and SMI are suitable for monitoring small and special cal types of drought (meteorological, hydrological, and agri-
areas with particular soil types, crops and vegetative periodsgultural) using a set of six weighted decision criteria: robust-
Different from the above three indices, the SMAPI has ness, tractability, transparency, sophistication, expendability,
been developed to characterize agricultural drought over &nd dimensionality. The performance of each of the 14 evalu-
large area. The SMAPI approach for defining a droughtated droughtindices is measured with an assigned value from
severity is through a measurement of the relative departure ot t0 5 (5 being the highest). The average value of the six cri-
soil moisture from the normal climate at a specific gird point teria is 3 for the Soil Moisture Anomaly Percentage Index
or region. When the current soil moisture is less than the cli-(SMAPI) proposed by Bergman et al. (1988), which is sec-
matology soil moisture, the soil moisture deficit appears toond highest among the five evaluated indices for agricultural
identify the drought phenomenon. The rationale of using thedrought. Thus, the SMAPI approach is a simple method with
relative soil moisture deficit rather than the absolute magni-explicit physical meaning and easy to understand and use.
tude is because anomalies in absolute terms reflect differenthe SMAPI is capable of identifying the onset of a drought
severities in different parts of a studying domain. Therefore,event, its progression as well as its termination.
the dimensionality of the SMAPI makes it possible to com-  The drought (or wet) classification based on the SMAPI
pare drought severities at disparate grid points and regions i#as studied prior to the current study. We have calculated
different periods, being available to characterize agriculturaithe SMAPI values using observed soil moisture collected on
drought over a large area. In this study, the SMAPI is definedthe 1st, 11th and 21st of every month from 1981 to 1999 at

—o—Jinjiang
—o— Baise
—— Average

SMAPI (%)

as: 10 experimental sites located in different regions of China.
6_6 Figure 1 shows the frequency distributions of the SMAPI for
SMAPI = ~—~ x 100% (1) the 10 sites, as well as their average. It is obvious that the
0

latter pattern can be represented by a Gaussian distribution.
where,6 andé represent the current value of soil moisture The SMAPI can thus be used to compare droughts in differ-
and its climatology respectively. The climatically appropri- €nt regions. Based on analysis of drought data from the 10
ate moisture should be the value that is based on the multisites, the SMAPI values can be classified into nine categories
year average in the same time series. Thus, the vamiaiple ~as shown in Table 1. Our proposed categories are similar to
Eq. (1) can be seen as the mathematical expectation of a sofhose of Palmer (1965).
moisture time series. : A

Bergman et al. (1988) reported that the SMAPI values2-3 SMAPI-based identification of drought events

change at a rate centred between the rapid CMI and the rel . . . .
atively slow Palmer Drought Severity Index (PDSI; Palmer A drought event can be characterized by its duration, in-
' ' tensity, severity and areal extent. We propose a SMAPI-

1965), which may both reflect the development of Short_termbased drought identification procedure for practical uses in

drought and analyse the ghange oflong-term drought Auset_he identification of both grid point and regional drought
ful survey on drought indices is found in WMO (1975) and events. which can be explained as follows
Heim (2000). Keyantash and Dracup (2002) evaluated the ' P '

most prominent indices that measure each of the three physi-
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Table 1. Soil moisture classifications based on the SMAPI (Soil
Moisture Anomaly Percentage Index).

Average
Category SMAPI  Frequency
extreme drought <—-50% 0.005
severe drought —50% to—30 % 0.020
moderate drought —30 % to—15 % 0.100
mild drought —15%to—5% 0.200
near normal —5%to5% 0.350
slightly wet 5%to 15% 0.200
moderately wet 15%to 30% 0.100
very wet 30 % to 50 % 0.020
extremely wet >50% 0.005

Fig. 2. The geographical distribution of China’s nine drought study
regions and provinces. The black solid lines delineate the drought

For a grid point, we define the drought duration as thestudy regions, while the gray lines are the boundaries of provinces.

number of consecutive days with the SMAPI values below
—5%. The latter is the upper limit of mild droughts in Ta-
ble 1. The average of the SMAP! values is called the droughigy, i, Each region includes at least one of the 31 provinces
!ntens!ty. The drought severity is the prod_uct of the drought;, mainland China.
intensity and the drought duration. In this study, we have
used 60 days as the minimum threshold for the drought dura-
tion to qualify a drought event at the grid point scale. 3 Result

The areal extent of droughts is an important feature for
identifying large-scale drought events. For a drought study3.1 Annual cycle of soil moisture
region, we define the daily areal extent as the percentage of
the total grid points with the SMAPI values belews %. The ~ The annual cycle of VIC soil moisture in the top 1-m col-
daily drought intensity of a region refers to the average of theUmn is shown in Fig. 3. Each panel of the figure repre-
SMAPI values of all grid points covered by that region. Dif- Sents the annual time series of spatially-averaged soil mois-
fering from the situation for a grid point, the drought duration ture, precipitation and evapotranspiration on one of the nine
of a region is defined as the number of consecutive days witfirought study regions in China. The three climatologies are
values of the daily areal extent greater than 30 %. Similar tothe averages of a 59-yr period from 1 January 1951 to 31 De-
a gr|d point, the drought Severity ofa region is the product ofcember 2009. The result shows that the annual variation in
the daily drought intensity of that region and its drought du- SOil moisture in these regions differs from each other, vary-
ration. We also use 60 days as the minimum threshold for thdng from high values with a considerable seasonality in the

drought duration to qualify a drought event at regional scale. S0uth to very low values having almost no seasonality in
Xinjiang. The overall annual variation in soil moisture corre-

2.4 China’s nine drought study regions sponds well with the observed precipitation gradient crossing
China as shown in Fig. 3.

China covers a vast area of 9.6 million square kilometers, In the nine drought study regions, the annual cycle of
and is known for its diversified landscapes with plateaus andsoil moisture can be further aggregated into three categories.
mountains in the West and lower lands in the East. China’sXinjiang, Tibet and Northwest form the first category, which
climate varies radically from the North to the South as well ascan be characterized as regions with low soil moisture values
from the West to the East, it crosses five temperature zonesand small seasonality. The second one involves Inner Mon-
Precipitation in China increases from the Northwest to thegolia, the North and the Northeast, these three regions with
Southeast, with significant variations in annual amounts. Adow soil moisture values and moderate seasonal variations.
a result, China is divided into nine drought study regions byIn this category, the water storage in the soil column is de-
CMWR (1997). Such a division scheme has been adopted ipleted during spring season while recharged in summer. The
this study to preserve a consistency among regional droughtaximum value of soil moisture is usually observed in late
studies, as well as the convention in geographical namingsummer, while the minimum one in early summer. The soil
Figure 2 shows the geographical distribution of these ninemoisture value remains almost constant during autumn and
drought study regions, which are Xinjiang, Tibet, North- winter. The third category includes the Southwest, the South
west, Inner Mongolia, Northeast, North, East, Southwest andand the East. High soil moisture values and notable seasonal
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Fig. 3. The annual cycle of VIC soil moisture (SM: thick solid line) for the period 1951-2009 over China’s nine drought study regions, as
well as the observed precipitatioR {thin solid line) and the simulated evapotranspiratiBn dashed line).

variations are the main characteristics observed in those thregl December 2009. The SMAPI threshold is set&% in
humid regions. The regions are covered by the East Asiarthis study, which is the upper limit of mild droughts in Ta-
monsoon area that is characterized by a warm and wet sunble 1. Using the procedure, a total of 325 regional historical
mer as well as a cold and dry winter. The soil moisture in thedrought events can be identified from China’s nine drought
regions can be recharged in the warm season and depleted study regions. These events vary in time and strength. Ta-
the cold season. The annual cycle of soil moisture is largelyble 2 summarizes the result of those identified events from
influenced by the monsoon activities. The occurrences othe nine regions.

soil moisture maximum and minimum are different over the

three humid regions, which are in August and April over the Our study reveals that are the most frequently hit by
Southwest, in June and December over the South, and in Maglrought found in the South and the North as shown in the
and October over the East, respectively. Our proposed thresecond column of Table 2. Both regions experienced 53 re-
categories are consistent with other drought studies (Zhangional drought events from 1951-2009, and then followed by

et al., 2008a; Zhang, 2009). the East with 46 events. Over each region, the top three most
severe drought events are given in the last three columns of
3.2 Identification of regional historical drought events table after examining the drought severity among the iden-

tified events. The beginning and ending dates of a drought
We apply the SMAPI-based drought identification proce- event (1/73), the drought duration/§), and the drought areal
dure to China to identify regional drought events over a 59-extent (A) are also listed in the columns. On average, the
yr period commencing on 1 January 1951, and ending ordrought duration in North is about three times longer than
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Table 2. The list of the total regional drought events over China’s nine drought study regions indentified by the SMAPI-based procedure
during the period 1951 to 2009, with the top three most severe drought events. The regional drought events are sorted according to their
severity. The beginning and ending dat&g/{>) of a drought event are given, as well as the duratidhdnd the drought areal extem),

Study Total First ranking Second ranking Third ranking
regions drought T4/T> D) A(%) Ti/T» D) A(%) Ti/T» D) A(%)

events
Xinjiang 6 12 Sep 1956/23 Apr 1957 224 40.0 11 Oct 1997/24 Mar 1998 165 34.2 26 Oct 1955/2 Apr 1956 160 33.5
Tibet 25 22 Aug 1957/13 Oct 1960 1149  41.9  3Jul 1994/30 Jun 1996 729 47.3 18 Jun 1952/3 Jul 1954 746 42.8
Northwest 26 27 May 1952/25 Jan 1954 609 51.0 22 Jun2006/17 Jun 2007 361  46.7 10 Jul 2002/7 May 2003 302 487
Inner Mongolia 37 14 Jul 1999/10 Jun 2002 1063 61.0 29 Jun 2006/23 Jun 2008 726  64.1 1 Jul 2005/29 Jun 2006 364 74.2
Northeast 38 24 May 2000/19 Jun 2002 757 63,5 14 Aug 1977/19 Apr 1979 614 545 20 Jul 1967/28 Sep 1968 437  64.0
North 53 27 Aug 1998/22 Oct 2000 788 75.1 29 Jul 1991/3 May 1994 1010 59.8 7 Jul 1980/21 Jun 1982 715 72.8
East 46 16 Jun 1978/6 May 1979 325 689 15 Jul 1966/5 Mar 1967 234  65.2 22Jul 1992/14 Jan 1993 177 672
Southwest 41 15 Jun 2006/1 Feb 2007 232 53.6 30 Jul 2003/7 Apr 2004 253 453 10 Jan 1963/22 Aug 1963 225 483
South 53 20 Sep 1954/31 May 1955 254 80.7 21 Sep 2003/22 Jul 2004 306 70.2 9 Dec 1962/24 Jul 1963 228 73.2

(a) 20 Sep 1954 t

Fig. 5. The geographic distribution of drought occurrence times
50 -45 -40 -35 -30 -25 -20 -15 -10 -5 O over China for the period 1951-2009.

Fig. 4. Four reconstructed most severe drought events together with
other drought-affected areas for the same events during the period
1951-2009(a) South;(b) East;(c) Inner Mongolia;(d) Southwest.  (duration) andA (areal extent) are 325 days and 68.9 % re-
spectively as shown in Table 2. This identified event is well
reported in the official document China Historical Drought
that in the South, although the two regions were hit with the1949-2000 (Zhang et al., 2008b), “the severe drought of
same number of drought events. The region with the leastl978-1979 in eastern China resulted in a direct loss of 20.1
number of drought events is found in Xinjiang, over which million tons in grain productions”. The second ranking event
only six drought events have been identified from 1951—-of Northeast was from 14 August 1977 to 19 April 1979,
2009. The drought duration in Xinjiang is generally shorter and having a 614-day duration and 54.5 % areal extent. The
than that of other regions. corresponding record (Zhang et al., 2008b) showed that a to-
The analysis has been carried out on the 27 most severel of 14.6 billion Yuan was lost to the severe drought event
drought events identified from the nine drought study re-of 1977-1979 in northeastern China. In 2000, a series of
gions. The three drought paramet&i$7>, D, and A pro- unprecedented drought events hit China nationwide. These
vided in Table 2 are quantitatively compared with the droughtevents caused a grain loss of 59.96 million tons, which has
records officially released by the Chinese authorities. Themade the year 2000 as the most severe drought year since
result shows that these identified drought events are in clos&949 (Zhang et al., 2008b). The results of the 27 most severe
agreement with the corresponding records most of the timedrought events in Table 2 indicate that there were three first-
For example, the first ranking event of the East was fromranking drought events involving the most severe drought
16 June 1978 to 6 May 1979. The drought parameters year 2000. The 757-day long event in the Northeast was from
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drought spatial distribution and extent at both regional and
1960-1969 continental scales. All four are ranking first regional events
in terms of the drought severity as indicated in Table 2, and

‘ they varied in time and strength and occurred on four drought

o study regions (the South, the East, Inner Mongolia, and the

& Southwest). Other areas (or grid points) in China with the
g SMAPI values below-5 % for the same drought events are

also shown on each of the four panels of Fig. 4. This should

give us a nationwide complete picture of the drought-affected

areas during the episode of four regional drought events, as
a large scale severe drought is most likely not an isolated
incident. For example, during the occurrence of the 325-

day long event in the East (the panel b of Fig. 4), portions

of other two drought study regions (the Northeast and the

North) were also suffering from droughts during the same

325-day period. This common feature is also observable in
the other three panels in Fig. 4.

Over a region, the severity of a drought event is usually not
uniformly distributed. Local convergences of a large scale
drought event are commonly recognized in many drought
studies. This local convergence is also well reconstructed
in this study, and many of them are coincide well with the
drought records officially released by the authorities. An ex-
ception is found in the drought study region (the South) as
shown in the panel d of Fig. 4, where the severe drought al-

e —. most extended to the entire region during the episode of the
254-day long event.
Fig. 6. The geographic distributions of drought occurrence times At a grid point scale, the long-term drought occurrence on
over China for the six decadal periods, 1951-1959, 1960-1969each of the 10458 VIC grid points in China is examined us-
1970-1979, 1980-1989, 1990-1999 and 2000-2009. ing the SMAPI-based drought identification procedure over
the period from 1 January 1951 to 31 December 2009. For
example, a maximum of 62 drought events has been iden-
24 May 2000 to 19 June 2002. The 788-day long in the Northiified from a grid point that happened to be bordered by
was 27 August 1998 to 22 October 2000; and the 1063-daywo drought study regions (the North and the East). Fig-
long in Inner Mongolia was 14 July 1999 to 10 June 2002.yre 5 shows the geographic distribution of drought occur-
These three drought study regions also cover a large portiokences over China from 1951-2009. The drought distribution
of China’s cultivated lands. Another record-breaking dl’OUghtwith different Strengths is genera”y found in most regions of
event occurred in Chongging in 2006, which resulted in a seChina. However, the drought frequency exhibits a diversi-
vere shortage of drinking water. Chongqing is one of thefied characteristic ranging from low frequency in the West to
four municipalities with a population of over 30 million peo- peing very common in the East. The latter poses a serious
ple and is the largest city in western China. The 2006 severghreat to China as most of the country’s socio-economic ac-
drought had affected more than 21 million people’s lives in tivities are concentrated in the East. Two regional dry centres
Chongging, and two-thirds of its river systems dried up (Haoare clearly shown in the figure. This discovery is further sup-
et al., 2007). This event is also well reconstructed in thiSported by the analysis of the drought occurrence in the nine
study (Table 2), as Chongging suffered from a 232-day longdrought study regions. As shown in Fig. 5, the first centre
severe drought event that was first ranking on the Southwesis |ocated in the area partially covered by two drought study
This event began on 15 June 2006 and ended on 1 Febryegions (the North and the Northwest), which extends to the

ary 2007. southeastern portion of Inner Mongolia and the southwest
part of the Northeast. The second one is found in the central
3.3 Spatial extent and variation of droughts in China to southern part of the drought study region (the South). The

drought occurrence in China East is largely influenced by the
The spatial extent and variation of droughts in China’s ninelocation and strength of the western pacific subtropical high
drought study regions are studied. We show in Fig. 4as well as the development of the westerly circulation.
four reconstructed severe drought events together with other The decadal variation in the drought occurrence at each
drought-affected areas for the same events to illustrate thgrid point is analyzed. We show in Fig. 6 six geographic
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distributions of drought occurrences over China in the past3.4 Trends in the recent 59-yr drought over China’s
six decades (1951-1959, 1960-1969, 1970-1979, 1980—  nine drought study regions
1989, 1990-1999 and 2000-2009). Each panel of the figure
represents the drought occurrences in one decade. The nRroughtis a regional phenomenon with high spatial and tem-
tionwide decadal variation of drought occurrences can thugoral variability. Droughts are recurring aspects of weather
be seen clearly from the six panels of Fig. 6. For example,and climate extremes. Trends in the recent 59-yr drought
drought occurrence in China was fairly moderate in the firstover China’s nine drought study regions are studied. We
three decades until the end of the 1970s, as the grid pointshow in Fig. 7 the time series of monthly drought areal ex-
with 8 or more accumulated drought events per decade wertents on each drought study region. The trend lines are also
rare. There were scattered grid points hit by multiple droughtshown in the figure. The monthly drought areal extent can be
events. The large-scale and long-term trend in drought ocaggregated from the daily drought areal extent over the same
currences is found to be insignificant. However, the situationstudy region. As shown in Fig. 7, three drought study regions
has changed dramatically in last three decades beginning ifinner Mongolia, the Northeast and the North) exhibited
the early 1080s. There has been a significant increase in than upward trend, while only one region (Xinjiang) trended
number of grid points with 8 or more accumulated droughtdownward, and almost no trend can be observed from the
events per decade, and they appear to be more organizetgst of the five regions (Tibet, the Northwest, the East, the
structured and regionally concentrated. This regional con-Southwest and the South). The 59-yr average in monthly
centration was clearly evident over the entire drought studydrought areal extents has increased by almost 30 % in those
region (the North) in the 1980s. Over the next two decadesthree upward regions, while this statistic was orl§7 %
the regional concentration first developed westward towardgor the downward region (Xinjiang) and withif10 % for
the drought study region (the Northwest) in the 1990s, andhe rest of the five regions. It is important to note that there
then further extended northeastward towards the large porseems to be a sudden upward jump in the monthly areal ex-
tion of the drought study region (Inner Mongolia) and almost tent of droughts in Inner Mongolia during the last ten years.
the entire Northwest in the 2000s. Another smaller center Monthly, annual, inter-annual variations of droughts are
has been growing steadily since the 1960s, and has extendetearly evident in most of the nine drought study regions as
to a large area of the drought study region (the South) in theshown in Fig. 7. The regional difference in these variations
2000s. The overall result indicates that the drought situatioris observable. The most active regions with high variability
has been worsening in China, especially in the most socioin the monthly areal extent of drought are found to be in the
economic concentrated areas, since the 1980s. This findingast, the Southwest and the South. For example, the drought-
on drought decadal variations is in good qualitative agree-affected area was less than 10% on the drought study re-
ment with observations and many other drought reports region the South in September 1979; however, this number was
leased by authorities at different levels in China. quickly increased to over 95 % in January 1980 in just four
Since most parts of China are located in the East Asianmonths. The frequency of these variations seems to have ac-
Monsoon area, the monsoon variability is affected by bothcelerated in the last two decades.
tropical and mid-latitude circulation systems. The variabil- The decadal trend in the areal extent of droughts has been
ity is likely to be responsible for the frequent occurrence quantitatively studied over China’s nine drought study re-
of extreme drought events in China. In the background ofgions. The decadal areal extent of droughts is calculated
global warming, the climatic characteristics of regional at- based on daily values. We show in Fig. 8 the decadal av-
mospheric water and energy have changed in both time andrage of drought area percentages on the nine drought study
space, which can result in frequently occurred abnormal cirtegions (Xinjiang, Tibet, the Northwest, Inner Mongolia, the
culations and can bring weather extremes such as high temNortheast, the North, the East, the Southwest and the South)
perature and less precipitation. Ma and Fu (2006) found thatn the past six decades (1951-1959, 1960-1969, 1970-1979,
the increase of extreme drought events in North China sincd980-1989, 1990-1999 and 2000-2009). On average, up
1990 were mainly due to precipitation decrease and temperto 30 % of the total area of China is prone to drought, and
ature increase. The increasing water consumption from huthis finding is consistent with the conclusion from another
man activities like population growth, industry and agricul- study based on the calculated Palmer Drought Severity Index
ture development, as well as changes of land use and lanfPDSI) using observed precipitation and temperature (Zou
cover have interfered with the water circulation system inet al., 2005). The spatial and temporal variability is ob-
China. All of these factors have increased the vulnerabilityserved among regional changes in drought areal extents in
to drought, thus exacerbating the effects of drought. the last six decades. Regionally, an upward trend in drought-
affected areas has been detected in three regions (the North,
the Northeast and Inner Mongolia) especially during the last
30yr as shown in Fig. 8. Over the North, more than 50 % of
the area has been affected by droughts during the past three
decades (1980s, 1990s and 2000s), and this finding is also
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Fig. 7. Time series of the monthly drought areal extents from 1951-2009. The subplots correspond to China’s nine drought study regions.
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Fig. 8. Decadal average of drought area percentages on the nine drought study regions. The six decades are 1950s (1951-1959), 196C
(1960-1969), 1970s (1970-1979), 1980s (1980-1989), 1990s (1990-1999) and 2000s (2000—2009).

in good agreement with other two studies (Wang and Zhai, The VIC soil moisture is used to calculate the Soil Mois-
2003; Zou et al., 2005). For example, Wang and Zhai (2003}ure Anomaly Percentage Index (SMAPI). The latter can be
revealed an expanding trend of drought areas in major northused as a measure of the severity of agricultural drought on a
ern agricultural areas in the last fifty years using the China-Zglobal basis. We developed a SMAPI-based drought iden-
index, while Zou et al. (2005) obtained a similar trend us- tification procedure for practical uses in the identification
ing the PDSI index, and our study confirms these observaeof both grid point and regional drought events. As a re-
tions. However, the decadal variability of droughts has beersult, a total of 325 regional drought events varying in time
weak in the rest of the five regions (the South, the South-and strength have been identified from China’s nine drought
west, the East, the Northwest, and Tibet). Xinjiang has everstudy regions (Xinjiang, Tibet, the Northwest, Inner Mon-
been showing steadily wetter since the 1950s, which is als@olia, the Northeast, the North, the East, the Southwest and
reported by Ma and Fu (2003). the South). The result shows that the severe drought events
of 1978, 2000 and 2006 are well reconstructed, which indi-
cates that the SMAPI is capable of indentifying the onset of
a drought event, its progression, as well as its termination.
The identified drought events have been assessed quanti-

We have used the VIC land surface macroscale hydrolOg){atively at different spatial and temporal scales. Teh results

model to reconstruct China’s daily soil moisture values from 0 .
1 January 1951 to 31 December 2009, at a spatial resolu§how that on average, up to 30% of the total area of China

tion of 30kmx 30km. VIC is applied over a grid of 10458 'S prone to drou.ght. The_drought frequency exhipits a diver-
points, and is driven by observed daily maximum and min_smed characteristic ranging from low frequency in the West

imum air temperature and precipitation from 624 Iong-term.to very common in the East. Regionally, an upward trend

. . in drought-affected areas has been detected in three regions
meteorological stations. VIC performs well over both cal- .
. . . . . . (Inner Mongolia, the Northeast and the North) from 1951—
ibration and validation catchments especially in humid and .

. : . . o7 .~2009. The 59-yr average in monthly drought areal extents
semi-humid regions, and detailed VIC calibration and vali- . ; )

. . . has increased by almost 30% in the three upward regions,

dation are found in Wu et al. (2007). This newly-completed . - .

. . : ) : - while this statistic was only-17 % for the downward region
multiyear VIC simulation has extended the simulation period

from previous thirty-five years (1971—2005; Wu et al., 2003) (Xinjiang) and within4+10 % for the rest of the five regions.

to current fifty-nine years (1951-2009), and can thus provideIt Is important to note that there seems to be a sudden up-

us with a 59-yr soil moisture dataset for this study. VI\;?):‘(]ngoulg%ll,::i:lgeﬂ?; Olzglileir;:;ri)(tem of droughts in Inner

4 Conclusions
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decrease of areal precipitation and the increase of surfaci&Proved the paperimmensely.
temperature, which can cause frequently occurring drought_
events. Many human activities like population expansion,Edited by: H. Cloke
urbanization and industrial development can lead to an in-
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